Background: Shikimate is essential for protein biosynthesis. Quinate and its derivatives are protective secondary metabolites. Results: Members of the same gene family encode enzymes with either shikimate or quinate dehydrogenase activity. Conclusion: The molecular genetic basis of plant quinate metabolism has been unraveled in vitro. Significance: Identifying quinate metabolic enzymes will allow testing its ecological function and may enable biotechnological applications.
The shikimate pathway leads to the biosynthesis of aromatic amino acids essential for protein biosynthesis and the production of a wide array of plant secondary metabolites. Among them, quinate is an astringent feeding deterrent that can be formed in a single step reaction from 3-dehydroquinate catalyzed by quinate dehydrogenase (QDH). 3-Dehydroquinate is also the substrate for shikimate biosynthesis through the sequential actions of dehydroquinate dehydratase (DQD) and shikimate dehydrogenase (SDH) contained in a single protein in plants. The reaction mechanism of QDH resembles that of SDH. The poplar genome encodes five DQD/SDH-like genes (Poptr1 to Poptr5), which have diverged into two distinct groups based on sequence analysis and protein structure prediction. In vitro biochemical assays proved that Poptr1 and -5 are true DQD/ SDHs, whereas Poptr2 and -3 instead have QDH activity with only residual DQD/SDH activity. Poplar DQD/SDHs have distinct expression profiles suggesting separate roles in protein and lignin biosynthesis. Also, the QDH genes are differentially expressed. In summary, quinate (secondary metabolism) and shikimate (primary metabolism) metabolic activities are encoded by distinct members of the same gene family, each having different physiological functions.
The shikimate pathway initiates the synthesis of the three aromatic amino acids phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp) (1) (2) (3) . This pathway is present in bacteria, fungi, apicomplexan parasites, and plants (4 -6) . The absence of the shikimate pathway in animals makes this pathway a primary target for herbicides (7) , live vaccines (8) , antibiotics, and anti-infectious drugs (9) . In plants, this pathway is important both for protein biosynthesis and for secondary metabolism. The end products and many intermediates of the pathway serve as precursors for plant hormones (salicylic acid and auxins) and for a large variety and quantity of secondary metabolites (e.g. alkaloids, benzenoids, and phenylpropanoids, including lignin), which fulfill diverse roles in plant development and chemical ecology (10 -13) .
The shikimate pathway starts with the condensation of phosphoenolpyruvate and erythrose 4-phosphate and ends with the production of chorismate, the last common precursor of Trp, Tyr, and Phe (11) . In plants, the whole pathway appears to be regulated primarily at the transcriptional level. It is responsive to developmental signals, light, as well as abiotic and biotic stresses (11) . Most shikimate pathway enzymes are encoded by distinct genes in plants, but the conversion of 3-dehydroquinate to shikimate via 3-dehydroshikimate is catalyzed by the bifunctional enzyme dehydroquinate dehydratase/shikimate dehydrogenase (DQD 3 /SDH; EC 4.2.1.10 and E.C. 1.1.1.25; see Fig. 1 ). The DQD domain constitutes the N-terminal half of the protein and the SDH domain the C-terminal half (Fig. 2) .
DQD/SDH genes have been functionally characterized in some species, including Arabidopsis thaliana (Arabidopsis; Ref. 14) , Solanum lycopersicum (tomato; Ref. 15) , and Nicotiana tabacum (tobacco; Refs. 16, 17) . The DQD/SDH crystal structure from Arabidopsis allowed identification of key amino acid residues involved in catalytic activities of DQD/SDH (14) . Although the Arabidopsis genome encodes only a single DQD/ SDH gene, in Populus trichocarpa, five putative DQD/SDH genes (here referred to as Poptr1 to Poptr5) have been identified based on sequence similarity alone (18) .
Many intermediates of the shikimate pathway can be branch points leading to secondary metabolic processes (19) . Among these, quinate can be formed in a single step reaction from either shikimate or 3-dehydroquinate, i.e. the product or substrate of DQD/SDH (Fig. 1 ). Quinate is widely distributed across the plant kingdom and may accumulate to high levels (up to 10% of leave dry weight) in some plants (19) . Chlorogenate, an ester of caffeate and quinate, also accumulates to high levels in some plant species such as coffee and poplars (20) . It acts as a feeding deterrent because of its astringency and antimicrobial activity (21) . Chlorogenic acid may also serve as an intermediate and storage reserve of lignin biosynthesis (22, 23) . Chlorogenic acid is gaining interest in pharmaceutical research due to its potential role as a weight loss supplement and its association with a lower risk of type II diabetes (24) and cardiovascular diseases (25) . Also, both quinate and shikimate can be used as chiral starting materials in the synthesis of antiviral drugs, including oseltamivir (Tamiflu, Ref. 26) .
In bacteria, quinate can be utilized as a carbon source and channeled back to the shikimate pathway by shikimate/quinate dehydrogenase (YdiB; EC 1.1.1.282) having high affinity toward both shikimate and quinate (27) . In contrast, the metabolism of quinate in plants remains largely enigmatic. The interconversion of shikimate and quinate has been demonstrated biochemically, and a role of quinate as a shikimate pathway reserve compound was proposed (28 -33) . Enzymes involved are either quinate dehydratase (QD; also referred to as quinate hydrolyase; no EC number assigned) or quinate dehydrogenase (QDH; EC 1.1.1.24) (11) . QDHs have been (partially) purified and characterized in several angiosperms and gymnosperms (30, 34 -41) , but QD has been partially characterized only in pea (42) . However, genes encoding these two enzymes have not been identified to date. The reaction mechanisms and the substrates of QDH and QD resemble that of SDH and DQD, respectively. SDH and QDH catalyze NADH-or NADPH-de-pendent reductions, and DQD and QD catalyze reversible water elimination reactions ( Fig. 1) .
Given the similarities between the reactions catalyzed, and because enzymes with both SDH and QDH activity have been described (27, 37) , we hypothesized that QDH (and/or QD) activities may be encoded by genes similar to DQD/SDH. Here, we demonstrate that the five putative poplar DQD/SDHs represent two functionally distinct groups, one of which preferentially uses quinate (QDH) as a substrate in vitro with only residual SDH activity, although while the other has only DQD/SDH activity. Expression variation among these homologues suggests distinct functions of isoforms in both plant development and adaptive responses to stresses.
EXPERIMENTAL PROCEDURES

DQD/SDH Protein Sequence Analyses and Structure Prediction-
Multiple sequence alignment of amino acid sequences (for accession numbers see Table 1 ) was performed using "Clust-alW" implemented in "BioEdit" (43) . This alignment was split into two fragments to allow separate examination of DQD and SDH domains. Pairwise sequence similarity scores for both SDH and DQD domains were calculated in BioEdit. The two alignments were used to generate Neighbor Joining trees with "Phylip" Version 3.69 (44) .
Three-dimensional protein structures of the five putative poplar DQD/SDHs were predicted using "Phyre" (45) . Model coordinates were generated using Arabidopsis DQD/SDH (Protein Data Bank ID: c2o7qA) (14) coupled with either 3-dehydroshikimate and tartrate or shikimate as a template. "PyMOL" (PyMOL Molecular Graphics System, Version 1.5. Schrödinger, LLC.) was used for visualization.
Molecular Cloning of DQD/SDH cDNAs-P. trichocarpa Nisqually-1 plant tissues (leaf, bark, xylem, and phloem) were collected from trees grown in a field at the University of Victoria. Total RNA was isolated using the cetyltrimethylammonium bromide method as described (46) . cDNA synthesis was performed from 0.5 g of total RNA using 5 M oligo(dT) primer and 1 unit of reverse transcriptase (Invitrogen). The five putative poplar DQD/SDHs were amplified from pooled cDNA with "USER" (uracil-specific excision reagent)-modified gene-specific primers ( Table 1) . Proofreading "Pfu Turbo Cx Hotstart" DNA polymerase (Agilent) was used in PCR amplification according to the manufacturer's protocol (30 cycles, annealing at 56°C for 30 s, extension at 72°C for 120 s, and denaturation at 94°C for 30 s). PCR amplicons were incubated with USER enzyme mixture (New England Biolabs) and cloned into pQE30-USER-His 6 overexpression vectors separately following the standard protocol (47) . All constructs were verified by Sanger DNA sequencing (sequencing facility at the University of Victoria). A pQE30 construct carrying the coding region of a poplar glycosyltransferase family protein (kindly provided by Dr. C. P. Constabel, University of Victoria) was used as a negative control.
Purification of Recombinant Proteins-Overexpression constructs carrying the five putative poplar DQD/SDH coding sequences were transformed into Escherichia coli (strain M15) through electroporation. 5 ml of LB broth containing selective antibiotics (100 mg/liter ampicillin and 25 mg/liter kanamycin) FIGURE 1. Reactions comprising the shikimate/quinate cycle. The shikimate pathway (indicated by block arrows) proceeds from 3-dehydroquinate via 3-dehydroshikimate to shikimate; the bi-functional enzyme DQD/SDH catalyzes these two reactions. Quinate can be synthesized from either 3-dehydroquinate or from shikimate; these two reactions are catalyzed by QDH and QD, respectively.
was inoculated with a bacterial colony and grown at 37°C overnight with vigorous shaking. A 50-ml culture was inoculated with the pre-culture and grown at 37°C until A 600 ϭ 0.6, and isopropyl thio-␤-D-1-galactoside was added to a final concentration of 0.06 mM. Protein production was carried out at 19°C with shaking for 16 h. Cells were harvested by centrifugation at 4000 ϫ g for 20 min, and the cell pellet was stored at Ϫ80°C for later use.
His 6 -tagged recombinant protein was extracted and affinitypurified under native conditions using nickel-NTA-agarose (Qiagen). Frozen cell pellets were resuspended in 4 ml of lysis buffer (50 mM NaH 2 PO 3 , 300 mM NaCl, and 10 mM imidazole, adjusted to pH 8 with NaOH, 1 mg/ml lysozyme) and incubated on ice for 1 h. The mixture was further lysed using a sonicator followed by centrifugation at 10,000 ϫ g for 30 min at 4°C. The supernatant was incubated with 1 ml of 50% nickel-NTA-agarose suspension on ice for 1 h with moderate shaking. The lysate-NTA slurry was loaded onto a polypropylene column and washed twice in wash buffer (50 mM NaH 2 PO 3 , 300 mM NaCl, NaOH to pH 8) and three times with wash buffer with 20 mM imidazole before elution (with 50 mM NaH 2 PO 3 , 300 mM NaCl, and 250 mM imidazole, NaOH to pH 8). Protein concentration was determined by Bradford assay (48) using BSA as a standard.
Denaturing SDS-PAGE was performed to assess the purity of recombinant proteins. Boiled protein samples (3 g) were separated on 12% polyacrylamide gel and stained with GelCode Blue Stain Reagent (Thermo Scientific). Using a replicate gel, proteins were transferred to PVDF membrane (Millipore) by electroblotting. His 6 -tagged proteins were detected by chemiluminescence using the "SuperSignal West HisProbe TM " kit (Thermo Scientific).
Spectrophotometric Measurement of Enzyme Activities-Dehydrogenase activities of the recombinant proteins with both SDH shikimate and QDH quinate were determined photometrically by measuring NADPH or NADH production at 340 nm (17) . A standard reaction mixture contained 0.01 to 0.1 mg/ml purified His 6 -tagged enzyme (concentrations were adjusted based on observed activity), 200 M NADP ϩ or 250 M NAD ϩ , 75 mM Trizma base-HCl (pH 8.5), and varying concentrations of shikimate or quinate (from a minimum of 5 M to a maximum of 5 mM). Reactions were carried out in a total volume of 1 ml and were initiated by adding shikimate or quinate. Absorbance changes at 340 nm relative to a reference lacking enzyme was measured at room temperature and recorded every 10 s for the 1st min and every minute for the following 4 min. Both shikimate and quinate dehydrogenase activities as a function of pH were determined using different buffer systems as follows: acetate buffer (pH 4 -5); phosphate buffer (pH 6 -7.5); Tris-HCl buffer (pH 8 -8.5); and carbonate buffer (pH 9 -11) (49) . Other experimental conditions were as described above.
Kinetic properties (V max and K m values) of each enzyme for both shikimate and quinate with saturating concentrations of either NADP ϩ or NAD ϩ were determined at optimal pH (pH 8.5) using at least 12 concentrations of substrate (ranging from 0.5 M to 5 mM). Changes in absorbance were converted to enzyme activities based on the extinction coefficient of NADPH (6.2 ϫ 10 3 liter mol Ϫ1 cm Ϫ1 ). Three replicates (independent protein purifications) were carried out for each reaction, and means were calculated. Dehydrogenase activity with 3-dehydroquinate was determined at 12 substrate concentrations ranging from 2 M to 2 mM by measuring the consumption of NADH at 340 nm. Kinetic data of each enzyme were fitted to the Michaelis-Menten model using plotting and curvefitting tools implemented in MATLAB to estimate maximal velocity values (V max ) and Michaelis-Menten constants (K m ). Confidence of curve fitting (i.e. 95% confidence bounds, R 2 values and root mean square error) was also assessed with MATLAB. Enzyme substrate specificities were calculated by dividing V max by K m .
Dehydratase activity with 3-dehydroquinate (10 mM) was determined by directly measuring 3-dehydroshikimate production in the absence of a cofactor at 250 nm, which allows distinction of 3-dehydroshikimate from the other cyclitols analyzed. Enzyme activity was determined based on a standard curve of 10 3-dehydroshikimate concentrations.
Measurement of Dehydratase and Dehydrogenase Activities Using HPLC-A systematic experimental design was developed to distinguish the four potential functions (DQD, SDH, QD, and QDH). Recombinant proteins were incubated in reaction buffer at pH 8.5 with different combinations of substrates and cofactors (both at saturating concentrations). 30 min of incu-
TABLE 1 DQD/SDH family members included in amino acid sequence analysis and PCR primers used
For each poplar gene, a forward (F) and reverse (R) primer was used to amplify the complete open reading frame (start and stop codons are underlined).
Name
Species Sequence identifier (database) Primers sequence (5 to 3)
bation time at room temperature was allowed before reaction mixtures were filtered (0.22 m), loaded onto an Aminex HPX-87H organic acid analysis column (300 ϫ 7.8 mm inner diameter; 9 m particle diameter) (50, 51) , and separated on an Ultimate 3000 HPLC system equipped with a diode array detector (Dionex). Products were separated using an isocratic elution system (10 mM H 2 SO 4 ) over a 40-min period with a flow rate of 0.4 ml/min. Negative control assays were prepared with boilinactivated enzymes. Substrate and product peaks were identified through comparison with authentic standards obtained from Sigma. Peak identities were verified by their distinct retention time and UV absorption spectra. Expression Profiling and Co-expression Analyses-Publicly available poplar Affymetrix microarray data were retrieved from various databases (ArrayExpress and NCBI GEO on July 4 and 5, 2012). The collection consists of 43 diverse experimental series for a total of 748 array hybridizations covering 17 poplar species. Microarray raw expression data were normalized using the "MAS5" algorithm (scale factor value set to 500) implemented in "R" (52) . Normalized expression data were then divided into three groups (development, treatment, and transgenic) based on their sample annotations. The log 2 -transformed expression values were mean centered across experiments for the "development" dataset, but log 2 ratios compared with the respective controls were calculated for the "treatment" and "transgenics" groups. Expression data were extracted for the five genes of interest to generate expression heat map using "HeatMapper" (52) . Normalized data were also used for co-expression analysis using the "ExpressionAngler" algorithm (52) . Pairwise Pearson correlation coefficients between a gene of interest and all other genes were calculated across each dataset, and the top 25 genes (r Ͼ0.5) were retained.
RESULTS
Sequence Diversity in the DQD/SDH Superfamily-The poplar genome contains five genes annotated as DQD/SDHs (Poptr1 to Poptr5) (18) . Sequence similarity comparison of these proteins with characterized plant enzymes from Arabidopsis, tobacco, and tomato revealed that Poptr1 and Poptr5 share higher sequence similarity with characterized DQD/ SDHs than Poptr2, Poptr3, and Poptr4 ( Table 2 ). Poptr1 and Poptr5 share on average 66% sequence similarity with proteins from Arabidopsis, tomato, and tobacco in the SDH portion of the protein and 60% in the DQD portion. In contrast, Poptr2, Poptr3, and Poptr4 share on average only 52 and 38% similarity in the SDH and DQD portions, respectively, with characterized DQD/SDHs. The latter thus define a DQD/SDH-like group that also includes a divergent isoform from tobacco (Nicta2, Ref. 17 ). In comparison with bacterial SDH (AroE) and SDH/QDH (YdiB), all five poplar proteins have comparable low similarities, but plant SDHs were generally more similar to bacterial YdiB (25-30% similarity) than to AroE (21-28%).
Homology-based Structure Prediction of Poplar DQD/SDHs-Structures of the five putative poplar DQD/SDHs were predicted using the homology-based modeling tool Phyre (45) based on structural data of the Arabidopsis DQD/SDH (14, 53) . Reliable predictions for all five sequences were obtained (100% confidence across more than 90% of each sequence).
The N-terminal DQD domain encompasses the first 316 amino acids of the Arabidopsis protein. Singh and Christendat (14) previously showed that Lys-241 and His-214 are the major catalytic groups within the active site of the Arabidopsis DQD domain; Lys-241 forms a Schiff base intermediate with the carbonyl group of dehydroquinate during catalysis, although His- 214 helps modulate the formation and breakdown of this Schiff base intermediate (14) . An additional eight residues are involved in properly positioning the substrate (14) . The corresponding homologous amino acids in Poptr1 and Poptr5 are highly conserved ( Fig. 2A) . In consequence, this results in a virtually identical inferred active site structure (Fig. 2B ). In contrast, major differences were observed between the known Arabidopsis DQD domain on the one hand and the inferred struc- 2O7Q) (B and C) . A, shown is the alignment as used by Phyre for structure prediction. Note that the N-terminal signal peptide was not included in the Arabidopsis structure determination by Singh and Christendat (53) and was thus omitted from the alignment. Amino acids identical to the Arabidopsis template are shaded in gray. Active site residues of the Arabidopsis protein are highlighted in green. Identical amino acids at the respective position in the poplar sequences are also highlighted in green, and different amino acids are contrasted in red or magenta. Numbers above the sequence indicate the Arabidopsis amino acid position. The two functional domains (DQD and SDH) are highlighted by orange and blue bars, respectively. B, structure models were predicted with Phyre; DQD active sites (B) and SDH active sites (C) were visualized as stick models with PyMOL. Amino acids in the Poptr1 or Poptr3 predictions differing from the Arabidopsis template structure are highlighted in red.
tures of Poptr2, Poptr3, and Poptr4 on the other hand. Compared with each other, Poptr2, Poptr3, and Poptr4 are highly similar at most of the key residues ( Fig. 2A) , and therefore only the inferred active site of Poptr3 is shown (Fig. 2B) . Although a lysine corresponding to Lys-241 in Arabidopsis is still present, His-214 is replaced by a Tyr in all three DQD-like domains. In addition, five of the additional eight residues previously shown to be involved in substrate binding (14) are different in all three DQD-like proteins ( Fig. 2A) . This creates an overall more spacious substrate-binding pocket in the predicted protein structure.
The SDH domain spans amino acids 328 -588 of the Arabidopsis protein. Lys-385 and Asp-423 were reported to likely play an important role in catalysis (14) , and the homologous positions in all five poplar genes include the same amino acids ( Fig. 2A) . For Poptr1 and Poptr5, the remaining active site residues are also highly conserved compared with Arabidopsis (Fig. 2, A and C) . In contrast, for the SDH-like enzymes, two putative active site residues were found to be divergent. Ser-338, involved in interacting with the C1 carboxylate group of the substrate in Arabidopsis (14), is replaced by Gly in the corresponding homologous positions of Poptr2, Poptr3, and Poptr4 ( Fig. 2A) . Based on the predicted structure, this leads to the appearance of an extra pocket in the inferred active site (Fig.  2C ). This would allow more bulky substrates to fit. Quinate, with its additional hydroxyl group at the C1 position compared with shikimate, would be a good fit. In addition, instead of Thr-381 in Arabidopsis, a Gly residue is found in the homologous position of all three SDH-like poplar enzymes ( Fig. 2A) . This Thr is replaced by Ser, also with a smaller side chain, in YdiB from E. coli (14) . Given that YdiB converts both shikimate and quinate (27) , the replacement of Thr-381 with Gly in Poptr2, Poptr3, and Poptr4 also appears consistent with our hypothesis that quinate may be an alternative substrate.
Enzymatic Characterization of DQD/SDH Family Members-Full-length cDNA fragments encoding the five poplar enzymes were PCR-amplified, cloned, and expressed in E. coli as His 6tagged proteins allowing native protein purification using affinity chromatography. For Poptr4, no soluble recombinant protein was yielded despite further optimization attempts. For each of the other four enzymes, recombinant protein purification yielded a major band of the expected molecular weight, and only this band was His tag-positive in protein blot analyses (Fig.  3) .
Dehydrogenase activities of the recombinant proteins with shikimate and quinate were first assessed photometrically by measuring NADH or NADPH production. Under saturating conditions, Poptr1 and -5 displayed strong activities with shikimate but no detectable activity with quinate even at elevated enzyme concentrations (0.1 g/ml), thus confirming SDH activity (Fig. 4) . In terms of co-factor requirement, the highest enzyme activities were observed with NADP ϩ for both enzymes, and activities dropped by 96% when replacing NADP ϩ with NAD ϩ for Poptr1. For Poptr5, no activity with shikimate was detectable in the presence of NAD ϩ even with elevated enzyme concentrations (Fig. 4) . In contrast, Poptr2 and Poptr3 could act on both quinate and shikimate but displayed a much higher activity with quinate compared with shi-kimate at saturating conditions (Fig. 4 ). Poptr2 and Poptr3 preferred NAD ϩ because activities with both shikimate and quinate were close to the detection limit when NADP ϩ was used as a cofactor (Fig. 4 ). To validate that no endogenous E. coli SDH or QDH was co-purified, an unrelated protein of the same size (a glycosyltransferase family protein from poplar) was purified in parallel, which resulted in no SDH or QDH activity (data not shown).
Measuring cofactor consumption alone may not be sufficient to assign QDH or SDH activities unambiguously. For example, when using quinate as a substrate, co-factor consumption can be due to QDH activity, although theoretically it can also be due to combined QD and SDH activities. Vice versa, apparent SDH activity could also be due to combined QD and QDH activities (Fig. 1) . To distinguish between these possibilities, recombinant enzymes were incubated with different substrate and cofactor combinations, and reaction products were assessed by HPLC (Fig. 5 ). This confirmed the DQD/SDH bifunctionality of Poptr1 and -5; both were able to catalyze the production of shikimate from 3-dehydroquinate via 3-dehydroshikimate and vice versa (Fig. 5, D-E, F, H, and I) . Neither enzyme was able to use or produce quinate (i.e. no apparent QD or QDH activity, Fig. 5, B-D and G) . This confirmed the specificity of Poptr1 and -5 toward shikimate biosynthesis via 3-dehydroshikimate only. HPLC results also confirmed that Poptr2 and -3 were able to catalyze quinate to 3-dehydroquinate conversion using NAD ϩ as a cofactor (Fig. 5B) , confirming QDH activity. Some DQD and SDH activities were detectable under saturating condition (Fig. 5, D-F) . Surprisingly, quinate formation was barely detectable when incubating Poptr2 and Poptr3 with 3-dehydroquinate and NADH (Fig. 5D ). We suspected this to be due to the very low absorption coefficient of quinate (note that 60 times more quinate was loaded in the standard mix than 3-dehydroshikimate) (Fig. 5A ). Determining dehydrogenase activity with 3-dehydroquinate quantitatively by measuring NADH consumption yielded a total of 94 and 116 M s Ϫ1 mg Ϫ1 for Poptr2 and Poptr3, respectively. This may be attributed to QDH and/or combined DQD/SDH activity. DQD activity was 0.2 M s Ϫ1 mg Ϫ1 (Poptr2) and 0.4 M s Ϫ1 mg Ϫ1 (Poptr3) when measuring 3-dehydroshikimate production directly. SDH activity with 3-dehydroshikimate and NADH was 0.6 and 1.1 M s Ϫ1 mg Ϫ1 for Poptr2 and Poptr3, respectively. Thus, DQD and SDH contributed less than 1% of the total activity, leaving more than 99% of the observed dehydrogenase activity attributed to QDH activity. Serving as a control for the forward activity assays, Poptr1 had a DQD activity of 89 M s Ϫ1 mg Ϫ1 and an SDH activity of 250 M s Ϫ1 mg Ϫ1 .
In the absence of a cofactor, no conversion of quinate to shikimate or vice versa was detectable for either of the two enzymes ( Fig. 5, C and G) ; thus, Poptr2 and 3 do not have detectable QD activity.
The apparent absence of QD activity for all four enzymes allowed the use of the spectrophotometric assay to distinguish SDH and QDH activities. pH optima were determined for both SDH and QDH reactions (Fig. 6 ). Both types of reactions had similar pH optima with all enzymes displaying high activity under basic conditions. The optimal pH for all reactions was determined to be between 8.5 and 9.5, and activities dropped quickly when pH was shifted from its optimum (Fig. 6) .
Michaelis-Menten kinetics of each enzyme were determined using saturating amounts of cofactor. Enzymes exhibited typical saturation kinetics, and K m and V max values were modeled. Among the shikimate-converting enzymes, Poptr1 had much higher V max (shikimate) compared with Poptr5 (Table 3) . Together with a lower K m (shikimate) , this results in a six times higher specificity (V max /K m ). Both maximum velocity and affinity of Poptr1 toward shikimate dropped largely when NAD ϩ was used as a cofactor (Table 3 ). Also Poptr5 is highly specific for NADP ϩ as a cofactor. Even when high enzyme and shikimate concentrations were used, Poptr5 activity with NAD ϩ was below background (Fig. 4) preventing the determination of kinetic properties with this cofactor. Neither Poptr1 nor Poptr5 displayed any detectable activity with quinate in spectrophotometric assays. In contrast, both Poptr2 and -3 yielded similar kinetic properties in terms of K m and V max values for quinate (Table 3 ). Kinetic properties of Poptr2 and Poptr3 with shikimate were also determined in the presence of NAD ϩ using elevated enzyme concentrations. Both enzymes had clearly reduced maximum velocities and affinities (higher K m ) toward shikimate resulting in 66 times (Poptr2) and four times (Poptr3) lower specificities for shikimate than for quinate (Table 3) . Following the biosynthetic route, dehydrogenase activity of Poptr2 and Poptr3 with 3-dehydroquinate yielded K m values of 624 Ϯ 28 and 299 Ϯ 50 M, and maximum velocities of 150 Ϯ 30 and 103 Ϯ 6 M s Ϫ1 mg Ϫ1 , respectively. Taking the very low SDH activity of Poptr2 and Poptr3 into account (above and Table 3 ), we attributed most of the observed dehydrogenase activity with 3-dehydroquinate to quinate synthesis (i.e. QDH activity). For both quinate-specific enzymes, activities with NADP ϩ as a cofactor were too low for kinetic analyses even at elevated protein concentrations. Based on these in vitro enzymatic properties, we assigned the names DQD/SDH1 and DQD/SDH2 to Poptr1 and Poptr5, and QDH1 and QDH2 to Poptr2 and Poptr3, respectively. Poptr4 was assigned the name QDH3 because of its higher sequence similarity to QDHs than to SDHs.
Expression Profiling of Poplar DQD/SDHs and QDHs-To assess expression profiles of Poplar DQD/SDHs and QDHs across different organs and their induction in response to environmental stimuli, publicly available poplar Affymetrix microarray data (748 hybridizations) were retrieved, normalized, and grouped into developmental samples, treatments (compared with the respective controls), and mutant (transgenics) versus wild type comparisons. Processed data were extracted from each group to generate expression profiles of DQD/SDHs and QDHs. DQD/SDH1 (Poptr1) was constitutively expressed (but at low levels) across a wide range of tissues and is expressed to highest levels in reproductive organs and actively growing tissues, such as shoot apices and leaf primordia (Fig. 7A ). DQD/ SDH1 was found to be co-expressed with three putative shikimate pathway genes as well as a phenylalanyl-tRNA synthetase and other tRNA synthetases (data not shown), which suggested a role in aromatic amino acid biosynthesis primarily for protein production. In contrast, DQD/SDH2 (Poptr5) is expressed to high levels in lignified tissues, and its expression in most other tissue types was negligible. QDH1 and QDH2 (Poptr2 and Poptr3) were found highly expressed in roots and root tips, respectively. QDH2 is also highly expressed in bark and some vascular tissues. QDH3 (Poptr4) showed a distinct expression pattern with predominant expression in leaves, seedlings, and stomata and some expression in bark and differentiating tissues (Fig. 7A ). DQD/SDHs and QDHs respond differently to environmental stresses and genetic modifications. DQD/SDH1 expression was induced by water limitation especially in cotelydons and stomata (Fig. 7B ). QDH1 showed high sensitivity toward light conditions and temperature changes, and its expression was induced by cold temperature at night. QDH3 showed a marked response to wounding and fungal infection, and its expression level was also increased in plants overex- . Purified enzymes were mixed with different combinations of substrate and cofactor as indicated. Reaction mixtures were incubated for 30 min before separation using HPLC equipped with a diode array detector. For each test, a negative control was prepared using boil-inactivated enzyme. Retention time and UV absorption spectrum were monitored and used to identify each peak in comparison with authentic standards. Standards were injected at different concentrations as indicated. Absorption spectra of standards and reaction products are shown to the right. Enzymes catalyzing the production of the respective products are noted. Spectra for the substrate used in the respective reaction are marked with a *. SA, shikimate; QA, quinate; DQA, 3-dehydroquinate; DSA, 3-dehydroshikimate. AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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pressing the WRKY23 transcription factor involved in plant defense (Fig. 7C ).
DISCUSSION
The poplar DQD/SDH family encompasses two functionally distinct groups as follows: one specific for shikimate (DQD/ SDHs) and the other specific for quinate (QDHs) in vitro. The three poplar QDHs were originally annotated as DQD/SDHs due to the fact they share significant sequence similarity with previously characterized DQD/SDHs (18) . However, in-depth sequence and inferred structure comparison with functionally characterized DQD/SDHs revealed that QDHs are indeed distinct, and this was validated through in vitro enzymatic analysis. In addition, DQD/SDHs and QDHs showed different developmental expression patterns and stress responses indicative of different physiological and ecological roles of distinct isoforms.
It needs to be stressed, however, that our annotations are based on biochemical in vitro data only, which will need to be validated through mutant analyses in vivo.
Amino Acid Residues Putatively Involved in Substrate Discrimination-Comparison of poplar QDH sequences with the characterized Arabidopsis SDH active site regions (14) revealed two distinct sites specific for QDHs. Ser-338, which is essential for SDH function in Arabidopsis (14) , is replaced by Gly in the homologous position of all poplar QDHs and also in one of the two tobacco isoforms (annotated as NtDQD/SDH2). NtDQD/ SDH2 has reduced SDH activity compared with NtDQD/SDH1 (17) . The ability of NtDQD/SDH2 to use quinate as a substrate was not tested, but Ding et al. (17) suggested that the preferred substrate may be a shikimate derivative with a larger group at the C1 position, and quinate fits this description. The Ser-to-Gly conversion may generate extra space in the inferred QDH active sites that could accommodate the hydroxyl group at the C1 position of quinate. Instead of Thr at position 381 in Arabidopsis, a Gly residue is present at the homologous position of all poplar QDHs. This Thr residue is replaced by Ser in YdiB having both SDH and QDH activities (14, 27) . Both Gly and Ser have smaller side groups compared with Thr and thus may leave more space in the active sites to accommodate quinate's distinct conformation. These sequence and structural considerations were in agreement with our hypothesis, and thus in vitro biochemical analyses were warranted DQD/SDHs and QDHs in Poplar-The observed K m (shikimate) values for poplar DQD/SDHs are within the range of other functionally characterized DQD/SDHs (ranging from 130 to 860 M) (14, 17, 37, 54) . In contrast, the poplar QDH enzymes characterized here have lower K m (quinate) values (255 and 300 M) compared with previously characterized QDHs partially purified from loblolly pine and Siberian larch, which range from 1.84 to 3.6 mM (36, 37) . This higher affinity of poplar QDHs toward quinate may indicate highly specialized functions in quinate (derivative) metabolism in poplar. Both SDHs and QDHs share similar pH optima (between 8.5 and 9.5), which is consistent with the pH range observed in tobacco (9.0 -9.4) FIGURE 6. pH-dependent enzymatic activities of recombinant Poptr1, Poptr2, Poptr3, and Poptr5. Enzyme activities were determined spectrophotometrically with substrate concentrations of 100 M. Shikimate was used as a substrate for Poptr1 and -5, and quinate was used for Poptr2 and Poptr3. Relative activities (the maximal activity of a given enzyme was set to 100%) at pH values ranging from 5 to 11 were used for curve fitting. (17) . In terms of cofactor preference, NADP ϩ is generally considered to be the exclusive cofactor for SDHs since Yaniv and Gilvarg (55) i.e. NADP ϩ ] as electron acceptor." The absence of detectable SDH activity with NAD ϩ was then confirmed for partially purified SDHs from mung bean and pea in 1961 (56, 57) . These three studies also noted an absence of detectable dehydrogenase activity with quinate and other structurally related com- pounds. In consequence, subsequent studies reported exclusively on shikimate and NADP ϩ when characterizing plant SDHs (14, 15, 17, 58 -60) . Here, we confirm the absence of detectable SDH activity with NAD ϩ for DQD/SDH2 (Poptr5), but likely because of its unusually high dehydrogenase activity, we were able to detect minute SDH activity with NAD ϩ for DQD/SDH1 (Poptr1). However, the estimated K m (shikimate) nearly doubles, and maximum velocity is less than 5% of the SDH activity observed with shikimate when using NADP ϩ . In contrast to SDH, variations in cofactor preference have been reported for QDHs. For both poplar QDHs, activity was only detectable when using NAD ϩ as a cofactor. Likewise, QDH protein extracts from other angiosperms such as bean and maize, and those from most bacteria, use NAD ϩ exclusively or preferentially as a cofactor (35, 38, 41) . In contrast, QDH enzyme fractions from gymnosperms prefer NADP ϩ (61) . Differences in cofactor preference of SDH and QDH may allow separate regulation of carbon flux into either shikimate or quinate metabolism from their common precursor 3-dehydroquinate.
SDH and QDH activities are present in distinct protein fractions in maize and kiwi (41, 62) , although in loblolly pine both activities are present in a single protein fraction (37) . The two poplar QDHs do have residual SDH activity. Because gymnosperms appear to evolve at a lower rate than angiosperms (63), this may suggest an ongoing specialization of the QDH isoforms toward quinate in plants.
Absence of QD Activity-Quinate can be taken up by intact leucoplasts from pea roots and converted directly into shikimate via a QD activity (also referred to as quinate hydrolyase) (42, 64, 65) . Because of the similarity of the QD reaction mechanism with that of DQD, we originally hypothesized that QD may be encoded by DQD-like genes in poplar. However, in vitro enzyme assays failed to support this hypothesis; QD activity was not detectable and instead only residual DQD activity was maintained in QDHs. It remains open whether the DQD activity is being lost and the N-terminal half of the QDH protein is maintained only for structural reasons, or whether another function not tested here has been gained by this domain.
Distinct Physiological Roles of Poplar DQD/SDHs and QDHs-Shikimate derivatives function in both primary metabolism (e.g. protein biosynthesis) and secondary metabolism (e.g. phenylpropanoid metabolism) (6) . DQD/SDH1 (Poptr1) is broadly expressed with highest levels in actively growing tissues. Together with the co-expression analysis, this suggests that DQD/SDH1 is likely involved in housekeeping primary functions, i.e. protein production. DQD/SDH2 (Poptr5) is highly expressed in vascular tissues, which suggests a more specific role in providing precursors for lignin biosynthesis. QDH1 (Poptr2) and QDH2 (Poptr3) are preferentially expressed in roots, suggesting a role of quinate and its derivatives in the rhizosphere. Chlorogenic acid, a common derivative of quinate, accumulates to high levels in the root tissue of many plant species, including sweet potato, carrot, lettuce, and burdock (66 -70) . It may be involved in developmental processes, such as root hair formation (66) , or in defense against pests, such as root aphids in lettuce (69) . In aerial parts, quinate and chlorogenic acid are formed mainly in dormant buds, young leaves, and bark of poplar trees, and its production is induced by herbivore and pathogen infestation (71) (72) (73) . Although attempts to biochemically characterize QDH3 proved unsuccessful, its predominant expression in leaves and its induction in response to wounding and fungal infection suggest a defensive role in leaves through production of quinate and its derivatives such as chlorogenic acid (74) . Chlorogenic acid has both anti-herbivore and antimicrobial activities (75) (76) (77) , and quinate might also act as an astringent herbivore deterrent in the above-mentioned organs (78) . The possible role of QDH3 in defense is further highlighted by its increased expression in poplar plant overexpressing WRKY23, as transcription factors involved in the regulation of plant defense against pathogens and abiotic stresses (79) .
In conclusion, we showed that quinate and shikimate metabolic activities are encoded by distinct members of the same gene family in poplar. This now sets the groundwork for exploring the molecular evolutionary history of the gene family to decipher how genes involved in primary metabolism evolved to adopt a function in plant secondary metabolism. It also enables studying the in vivo physiological role of QDH in plant development and chemical ecology using reverse genetic approaches.
